Bulk contribution to magnetotransport properties of low defect-density
  Bi$_2$Te$_3$ topological insulator thin films by Ngabonziza, Prosper et al.
Bulk contribution to magnetotransport properties of low defect-density Bi2Te3
topological insulator thin films
P. Ngabonziza,1, 2, 3 Y. Wang,2 and A. Brinkman1
1Faculty of Science and Technology and MESA+ Institute for Nanotechnology,
University of Twente, 7500 AE Enschede, The Netherlands
2Max-Planck-Institute for Solid State Research, 70569 Stuttgart, Germany
3Department of Physics, University of Johannesburg,
P.O. Box 524 Auckland Park 2006, Johannesburg, South Africa
(Dated: August 6, 2018)
An important challenge in the field of topological materials is to carefully disentangle the electronic
transport contribution of the topological surface states from that of the bulk. For Bi2Te3 topological
insulator samples, bulk single crystals and thin films exposed to air during fabrication processes are
known to be bulk conducting, with the chemical potential in the bulk conduction band. For Bi2Te3
thin films grown by molecular beam epitaxy, we combine structural characterization (transmission elec-
tron microscopy), chemical surface analysis as function of time (x-ray photoelectron spectroscopy) and
magnetotransport analysis to understand the low defect density and record high bulk electron mobility
once charge is doped into the bulk by surface degradation. Carrier densities and electronic mobilities
extracted from the Hall effect and the quantum oscillations are consistent and reveal a large bulk carrier
mobility. Because of the cylindrical shape of the bulk Fermi surface, the angle dependence of the bulk
magnetoresistance oscillations is two-dimensional in nature.
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2I. INTRODUCTION
Topological insulators (TIs) form a class of semiconductors with an inverted band order due to strong spin-orbit
coupling. When the Fermi energy lies in the bulk semiconductor band gap, the bulk of a TI is insulating.
But the edges or surfaces host non-gapped states which cross the bulk band gap, providing conduction on the
boundaries of the material1. The surface states of a TI mimic relativistic Dirac electrons because of their linear
energy-momentum E(k) relation2. In the past decade, TIs have received considerable attention since they open
opportinuties for exploring a variety of new phenomena in physics1–3. Possible fields of application are spintronics
and topological quantum computing.
The material Bi2Te3 is one of the second generation 3D TI materials (Bi2Te3, Bi2Se3, and Sb2Te3) investi-
gated extensively4. This material is known to be less prone to forming vacancies compared, for example, to
the prototypical Bi2Se3
5–8. In single crystals, a high bulk carrier density is the result of a large defect density.
The defects and vacancies act as scattering centers too. An increased carrier density thereby results in a lower
bulk mobility9–11. Recently, using the molecular beam epitaxy technique, progress was made in synthesizing
high-quality bulk-insulating Bi2Te3 thin films with very low intrinsic doping
12,13. The as-grown material features
a Fermi level in the bulk band gap, which is achieved without resorting to techniques such as counterdoping14,15,
p-n layer growth16–18, or using (off-)stoichiometric ternary19 and quarternary20,21 compounds.
Besides the successful use of surface-sensitive techniques, such as angle-resolved photoemission spectroscopy
(ARPES)12,22 and scanning tunneling microscopy (STM)12,23 to probe the conducting surface states of TIs,
studying transport properties in an externally applied magnetic field is also a powerful probe of the nature of the
metallic state in TIs24. For example, the characteristics quantum Shubnikov-de Haas (SdH) oscillations can be
used to probe the existence of topologically protected surface states; and their analysis reveals as well the existence
of additional topologically trivial states in transport characteristics. The SdH effect probes extrema in the cross
section of the Fermi surface (FS), and their angular dependence in tilted magnetic fields provides information
about the size and the shape of the FS25 and, more importantly, about the dimensionality of the FS 26,27. Early
studies on various 3D TI materials have measured SdH oscillations and they were often attributed to originate
from the top and bottom topological surface state with the expected Berry phase and angular dependence28–32.
Here, we combine structural characterization (transmission electron microscopy), chemical surface analysis as
function of time (x-ray photoelectron spectroscopy) and magnetotransport analysis to understand the low defect
density and record high bulk electron mobility of Bi2Te3 thin films once charge is doped into the bulk by surface
degradation. We caution that two-dimensional Shubnikov de Haas quantum oscillations are often used as evidence
for surface state transport, but a careful analysis of low-defect density films reveals that the oscillations might
also arise from the high mobility bulk electrons. Using the dimensionality of the bulk Fermi surface, a consistent
picture is obtained for the bulk carrier density and mobility as deduced from the Hall effect and magnetoresistance
oscillations.
3II. SAMPLE PREPARATION AND CHARACTERIZATION
High quality topological insulator thin films of Bi2Te3 were grown by molecular beam epitaxy (MBE) on Al2O3
[0001] substrates. The base pressure of the MBE chamber was lower than 5 × 10−10 mbar and the highest
pressure recorded during growth was less than 3 × 10−8 mbar. We employed a two step temperature growth
procedure, which results in atomically sharp interfaces between the TI film and the substrate. Details on the
growth procedure of our thin films are reported in Refs.12,13.
In addition to employing in-situ characterization techniques as described in Refs.12,13,33, we used scanning
transmission electron microscope (STEM) for a microstructural analysis of the samples presented in this study.
STEM investigations were performed on structured Hall bar devices, several months after magnetotransport
experiments. Figure 1(a) exhibits a cross-sectional STEM image of a 70 nm Bi2Te3 film grown on sapphire.
The image distinctly outlines the film (bright contrast) and the substrate (darker region). Figure 1(b) shows a
magnified STEM image of the atomic ordering of Bi2Te3 thin film. Highly parallel quintuple layers are clearly
visible in the Bi2Te3 film, which are separated by van der Waals gaps. The Bi atomic columns appear brightest due
to the much higher atomic number of Bi compared to Te, as also indicated in inset with a superimposed structural
model (see illustration in Fig. 1(d)). A closer view of the interfacial region between the film and the substrate
is shown in Fig. 1(c). Despite large lattice mismatch between Bi2Te3[001] and the substrate (∼ 8.7%)34, highly
parallel layers are clearly visible in the film, thus suggesting a high crystal quality close to TI-substrate interface.
Furthermore, no dislocations and distortions of atomic column were observed immediately above the substrate,
which confirms rapid relaxation of strain at the interface as previously reported35. This is due to the van der Waals
epitaxy, which is known to relax the lattice-matching condition necessary for most common epitaxial deposition
of covalent semiconductors and their heterostructures34,36. Although our TEM analysis represents an average of
atomic site occupancies over multiple columns, defects are expected to show up. Within our resolution, no Te
vacancies could be observed, indicating the high structural film quality that can be attained during film growth
under sufficient Te surplus conditions.
The surface elemental characterization and chemical stoichiometry were investigated using X-ray photoemis-
sion spectroscopy (XPS), following the procedure presented in Ref.12,33. Through the analysis of the high
resolution scans around the Te 3d and Bi 4f peaks for the pristine film, the surface chemical stoichiometry (Te:Bi
ratio) was determined to be 1.498± 0.05. Since magnetotransport studies and fabrication processes were carried
out in ambient conditions, we also examine the surface changes once samples have been exposed to air. For
the purpose of keeping track of the contamination process, we performed several XPS measurements, first after
sample growth without breaking ultra high vacuum conditions (the XPS chamber is connected to the deposition
system via a high vacuum distribution chamber), and later at different time intervals after exposing the sample
to ambient conditions. The XPS surface characterizations were performed before structuring samples into Hall
bar devices and magnetotransport experiments.
Figure 2 depicts series of XPS spectra of a 70 nm film acquired at different time-intervals, before and after expos-
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FIG. 1 (a) An overview STEM image of a Bi2Te3 film grown on Al2O3(0001) substrate. Magnified STEM
images of the sample showing: (b) the quintuple layers of the film and (c) a smooth interface between the film
and the substrate. (d) Schematic atomic structural model, displaying the sequence of Te and Bi atoms in a
quintuple layer, as illustrated in inset of (b).
ing the sample surface to ambient conditions. These spectra show the aging of the Bi2Te3 surface and provide
information about surface elemental composition through the analysis Te 3d, Bi 4f, O 1s and C 1s spectra. The
XPS spectra for other films show similar time-dependent contamination behaviour12. Table I gives the binding
energies of various peaks measured in XPS before and after exposing the sample surface to air. For the pristine
surface, due to spin orbital splitting, we only observe a pair of peaks for the Te 3d spectra: Te 3d3/2 and Te
3d5/2 separated by ∼ 10.3 eV; and Bi 4f spectra: Bi 4f5/2 and Bi 4f7/2 separated by ∼ 5.3 eV (see Fig. 2(a)-(b)).
This pristine surface shows no signs of oxidation or contaminations, which is confirmed by a flat O 1s and C 1s
regions (see Fig. 2(c)-(d)); and the absence of higher binding energy peaks in the Te 3d and Bi 4f spectra. After
the sample is exposed to air and exposure time increased, there appear new peaks with one type of chemical shift
both in the Te 3d (∆E = 3.8 eV) and Bi 4f (∆E = 1.3 eV) spectra. This shows that there is formation of an
oxidized layer at the film surface as evidenced by the sharp O 1s peak, which shows up at a binding energies of
530.2 eV. The C 1s peak is usually observed in XPS measurements when the sample surface have been in contact
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FIG. 2 Time dependent XPS spectra of a 70 nm Bi2Te3 film grown on sapphire. The spectra were acquired at
different time-intervals, before and after exposing the sample surface to air. High-resolution scans around: (a)
the Te 3d and (b) Bi 4f main peaks. (c) The O 1s and (d) C 1s XPS spectra for the Bi2Te3 surface measured at
different exposure times.
with ambient conditions, and they are often attributed to surface contaminations or adsorption of carbonoxides
on the surface of the sample37,40. These XPS observations are consistent with previously published data on the
exposed surface of Bi2Te3 samples
12,37–39.
We know that the exposure of the surface of Bi2Te3 thin films to ambient conditions effectively dopes the
6Spectra Pristine Film
[eV]
Oxide
Over-layer [eV]
Literature values [eV]
TeO2
Te 3d3/2 582.4 586.2 586.2
37
Te 3d5/2 572.1 575.9 575.8
37 and 575.838
Bi2O3
Bi 4f5/2 162.9 164.2 163.8
37
Bi 4f7/2 157.6 158.9 158.5
37,39
O 1s - 530.2 529.139, 529.937 and 530.238
C 1s - 285 284.537
TABLE I XPS measured binding energies before and after exposure to ambient conditions. Extracted values
are compared to previously reported XPS data. The observed values of the new peaks of Bi 4f and Te 3d are
close to the binding energies for Bi2O3 and TeO2 spectra, respectively.
material with electrons, by which the Fermi energy shifts from the bulk band gap into the bulk conduction
band12. Below, we will investigate the influence of these bulk carriers on magnetotransport.
III. SHUBNIKOV-DE-HAAS OSCILLATIONS
After growth and characterizations, samples were structured ex-situ into Hall bars by means of optical lithography
and Ar ion beam etching (see insert Fig. 3(a)). Both the Hall and sheet resistances were measured as function
of the applied magnetic field in the temperature range from 300 K down to 2 K. We used an excitation current
of 1µA in the measurements.
Figure 3(a) depicts the measured Hall resistance, Rxy(B) at 2 K, plotted together with a one-carrier model
fitting in order to highlight the presence of multiple bands carrier transport in Rxy(B). The measured nonlinearity
in Rxy(B) suggests the presence of multiple carrier types. From the sign of the Hall signal, the majority charge
carriers are found to be electrons. The nonlinearity in Rxy(B) has been measured in different TI materials and
it was suggested to originate from the coexistence of bulk and surface transport channels9,41–43. If all carriers
participating in transport had the same mobility, Rxy(B) would show linear behaviour with the slope determined
by 1/(eRH), where RH is the Hall coefficient. However, when there are multiple types of carriers with different
(but comparable) mobilities, nonlinearity shows up in the Rxy(B) data. From the low-field Hall coefficients (RH)
at 2K, using the procedure discussed in Ref.13, we extracted a sheet carrier density of n2D = 1/eRH = 5.8×1013
cm−2 and mobility of µ = 1eRsn = 2800 cm
2 V−1s−1. If this sheet carrier density was interpreted as the carrier
density of the topological surface state, with a Fermi velocity of about 3× 105 m/s, then the chemical potential
would be unreasonably high above the Dirac point. Bulk carriers are, therefore, the cause of the observed carrier
density. From the Hall effect, we then extract a 3D carrier density of n3D
Hall
= n2D
Hall
/d = 8.2 × 1018 cm−3, with
d = 70 nm being the sample thickness.
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FIG. 3 (a) Nonlinear Hall effect in Bi2Te3 thin films. The insert shows typical optical micrograph image of a
structured Hall bar device. Lateral dimensions of the Hall bar are indicated in the image. The ratio of length
over width is: L/W = 8.8. (b) Longitudinal resistance measured at various temperatures. Above a magnetic
field of 5 T, small quantum oscillations are visible up to 10 K.
Next we focus on Shubnikov-de-Haas oscillations measured in Bi2Te3 thin films. Figure 3(b) depicts the longitu-
dinal resistance, Rxx as function of the applied perpendicular magnetic field for various temperatures. At high
magnetic field (B > 5 T), Rxx shows a superposition of small oscillations together with a quasi-linear increase
up to a magnetic field of 9 T. The oscillations survive up to 10 K. The superimposed oscillations become clearly
evident after the subtraction of a smooth polynomial background. Figure 4(a) gives the oscillatory part of the
longitudinal resistance (∆Rxx), which displays periodic extrema with 1/B. For the SdH oscillations at 2K, the
extracted period of oscillations is 0.05 T−1.
If interpreted as oscillations from the carriers in a topological surface state with no spin degeneracy, the carrier
density corresponding to this oscillation period would be n = eh .
1
∆(1/B) = 1.0× 1012 cm−2. This carrier density
would give a Fermi wave vector of kF = 2.5× 106 cm−1 and a Fermi energy only about 50 meV above the Dirac
point, within the bulk band gap, which is clearly not consistent with the Hall data.
Figure 4(b) depicts the angle dependence of the SdH oscillations at 2 K. From these data we observe that
periodic maxima and minima are overlapping when plotted against the perpendicular component of the mag-
netic field (B⊥ = B cos θ), as indicated by the dashed line in Fig. 4(b). This scaling with angle suggests a
two-dimensional nature of the oscillating channels. The 2D nature is often interpreted as coming from the TI
surface states or from non-TI surface channels, like the trivial non-topological 2DEG states due to band-bending.
Also the mixture of TI surface states and non-TI surface channels would also result into 2D nature of the os-
cillating channel8. However, also the bulk Fermi surface can give rise to 2D quantum oscillations if it is cylindrical.
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FIG. 4 (a) The oscillatory part of the longitudinal resistance (∆dRxx/dB) as function of 1/B. After
background subtraction, clear quantum oscillations are observed up to 10 K. (b) The SdH oscillations are
plotted at different perpendicular component of applied magnetic field with B⊥ = B cos(θ). Insert shows
direction of applied magnetic field. For clarity, offsets are added in both graphs.
Indeed, upon increasing the bulk charge carrier density, the FS becomes anisotropic such that kF along the
kz direction gets considerably larger than kF in the (kx, ky) plane. Thus, the FS will change from being
a closed spherical FS at low carrier densities into an open cylinder-like FS at high carrier densities. A de-
tailed discussion on the evolution of the FS is presented in Ref.25. Using the kF value extracted above
from n2D
SdH
(2D carrier concentration from SdH oscillations), for a closed spherical FS the 3D carrier density
would then be n
3D
SdH
=
k3F
3pi = 1.6 × 1018cm−3. On the contratry, if one considers a spin degenerate, cylin-
drical FS, where kz extends to the Brillouin zone boundary at pi/c, the 3D carrier density is determined by
n
3D
SdH
= pic n
2D
SdH
= 1× 1019cm−3, with c being the Bi2Te3 lattice parameter perpendicular to the surface.
Thus in comparing the Hall carrier density to the spherical and cylindrical FS carrier densities from SdH:
1.6 × 1018 cm−3 < 8.2 × 1018cm−3 < 1 × 1019 cm−3, these data show that the FS has a shape in between
a spherical FS and open cylindrical FS, but more elongated towards a cylindrical one. This implies that the
measured quantum oscillations come from bulk carriers, an observation that is in agreement with previous reports
on thin films of the related material Bi2Se3
25,44,45. The two-dimensional nature of the oscillating channels in
Fig 4 is consistent with the nearly cylindrical FS, rendering the conductance very anisotropic (but still bulk)45.
The mobility is determined through the analysis of SdH oscillations at different temperatures. The temperature-
dependent amplitude of the oscillatory contribution to the resistance is described by the Lifshitz-Kosevich
expression46
∆R ∝
∑
i
e−λiTDi
λi(T )
sinh(λi(T ))
sin
(
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FIG. 5 (a) Temperature dependence of the normalized longitudinal resistance. The solid red line is the best fit
to the function λ(T )/ sinh(λ(T )). (b) The Dingle plot of ln[∆RxxB sinh(λ(T )] versus 1/B at 2 K. The
transport lifetime τ , mean free path l and mobility µ are calculated from the parameters obtained from the best
fit to this expression.
where T is the temperature, fi and φi are the frequency and phase of the oscillations, respectively. λi(T ) is given
by the expression: λi(T ) = 2pi
2kBTmcycl/(~eB), with mcycl, ~ and kB being the cyclotron mass, the reduced
Planck constant and the Boltzmann constant, respectively. The Dingle temperature, which has information about
the quantum mobility, is given by: TDi =
2pi2EF
τeBv2F
, where EF is the Fermi energy, τ the transport life time, e the
electron charge and vF the Fermi velocity. At a constant magnetic field of Bc, the Lifshitz-Kosevich Eq. (1) is
simplified to
∆R ∝
∑
i
αi(Bc)T
sinh(αi(Bc)T )
, (2)
with αi = 2pi
2kBmcycl/(~eBc). Figure 5(a) gives the temperature dependence of the normalized longitudinal
resistance oscillation amplitude extracted at a constant magnetic field Bc = 8.03 T. Performing the best fit to Eq.
(2) yields a value of α = 0.25 from which mcycl is extracted to be 0.133me (me is the free electron mass). In
order to estimate the transport lifetime of the surface states, we use the Dingle plot27,28,47 depicted in Fig. 5(b).
From the slope of the Dingle plot, we extract a transport lifetime of τ = 2.75×10−13 s, from which we derive the
mean free path of l = vF τ ' 150 nm. Using the expression µs = eτ/mcycl = e lSdH/~kF , the mobility is found
to be µs ' 3600 cm2 V−1s−1, which is consistent with the mobility estimated from the Hall data. An overview of
the extracted charge-carrier properties for two Bi2Te3 thin films is given in Table II, revealing a consistent picture
when the quantum oscillations are interpreted as due to high mobility bulk electrons.
10
Extracted from Mobility [cm2.v−1.s−1] Carrier density [cm−3]
Hall signal at a temperature of 2K µS1 = 2800 n
3D
S1
= 8.2× 1018
µS2 = 2300 n
3D
S2
= 9.8× 1018
Shubnikov-de-Haas Oscillations µS1 = 3600 n
3D
S1
= 1.0× 1019
µS2 = 3000 n
3D
S2
= 1.3× 1019
TABLE II Overview of the extracted transport characteristics (mobility and carrier density, from Hall signal and
Shubnikov-de-Haas oscillations). Data are for two Bi2Te3 thin films (S1 of thickness 70 nm and S2 of thickness
50 nm). For SdH oscillations, only cylindrical FS 3D carrier densities are presented.
IV. CONCLUSION
The consistency between bulk carrier densities and mobilities as determined from Hall and Shubnikov-de Haas
data reveals that the bulk of the Bi2Te3 thin films dominates in transport. In single crystals, the charge carriers
mainly arise from Te vacancies. Here, the thermodynamics of the MBE growth of thin film Bi2Te3, with a surplus
of Te atoms, strongly reduces the number of Te vacancies, as shown by TEM. STEM microstructural analysis,
on measured Hall bar devices, indicates an atomically sharp interfaces between the TI film and the substrate;
and a continuous QL structure of the Bi2Te3 film. Only upon exposing the Bi2Te3 film surface to ambient
conditions, the surface is chemically modified, as followed in time by XPS. Based on the fact that we know how
the Fermi energy shifts into the bulk conduction band upon exposure to ambient conditions12, we speculate that
the chemical surface modification effectively dopes electrons into the bulk without structural changes deeper
inside the film. The observed bulk carrier density would be achieved already by an order of magnitude less than
1 electron per surface unit cell.
In single crystals, a high bulk carrier density is the result of a large defect density. The defects and vacan-
cies act as scattering centers too. An increased carrier density thereby results in a lower bulk mobility. The low
amount of Te vacancies in our thin films provides record high mobility values (for bulk carriers in topological thin
films). With these high values for the bulk mobility, Shubnikov-de Haas oscillations appear in the magnetotrans-
port of the bulk conduction channel. Because of the cylindrical shape of the Fermi surface, the angle dependence
of the bulk magnetoresistance oscillations are two-dimensional in nature (not being due to the surface states but
due to anisotropic bulk transport). With the advance in topological insulator thin film quality we foresee that
these findings will be relevant for many applications, as electric field gating can also populate bulk bands in films
that are capped and intrinsically insulating in the bulk13. Very recently single crystal growers have modified the
Bi2Te3 growth by applying an additional ‘defect cleaning’ step, by which Te vacancies are also strongly reduced,
providing very large bulk mobilities also in this case48.
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